Abstract: Calcium binding in proteins exhibits a wide range of polygonal geometries that relate directly to an equally diverse set of biological functions. The binding process stabilizes protein structures and typically results in local conformational change and/or global restructuring of the backbone. Previously, we established the MUG program, which utilized multiple geometries in the Ca 21 -binding pockets of holoproteins to identify such pockets, ignoring possible Ca 21 -induced conformational change. In this article, we first report our progress in the analysis of Ca 21 -induced conformational changes followed by improved prediction of Ca 21 -binding sites in the large group of Ca 21 -binding proteins that exhibit only localized conformational changes. The MUG SR algorithm was devised to incorporate side chain torsional rotation as a predictor. The output from MUG SR presents groups of residues where each group, typically containing two to five residues, is a potential binding pocket. MUG SR was applied to both X-ray apo structures and NMR holo structures, which did not use calcium distance constraints in structure calculations. Predicted pockets were validated by comparison with homologous holo structures. Defining a ''correct hit'' as a group of residues containing at least two true ligand residues, the sensitivity was at least 90%; whereas for a ''correct hit'' defined as a group of residues containing at least three true ligand residues, the sensitivity was at least 78%. These data suggest that Ca 21 -binding pockets are at least partially prepositioned to chelate the ion in the apo form of the protein.
Introduction
Ca 2þ -binding regulates the diverse functions of calcium binding proteins (CaBPs) and subsequent downstream protein-protein interactions. [1] [2] [3] It is frequently accompanied with global or local conformational changes of the host protein [ Fig. 1(A) ]. Trigger proteins such as calmodulin (CaM) and calcium sensing receptor (CaSR) fulfill their functional roles in intracellular and extracellular signaling through Ca 2þ -induced local and global conformational changes. [4] [5] [6] On the other hand, buffer proteins such as parvalbumin and calbindin D9K, exhibit predominantly local conformational changes and play important roles in maintaining calcium homeostasis. In addition, CaBPs often exhibit increased stability on calcium binding without concomitant large conformational changes. 7 Further, CaBPs exhibiting Ca 2þ -induced local conformational changes have been designed to monitor calcium responses in cells and to probe the molecular bases of diseases associated with mishandling of calcium signaling. 8, 9 One of the outstanding obstacles to understanding the Ca 2þ -dependent roles of CaBPs and to the rational design of novel CaBPs is our limited ability to predict Ca 2þ -binding pockets in apoprotein structures. A Ca 2þ -binding pocket is depicted by the group of ligand atoms or residues, (e.g., negatively charged Asp and Glu side chains in addition to main chain carbonyl and other noncharged carboxyl groups), that chelate the calcium ion. 10, 11 Binding pockets are more readily recognized in the bound state where conformational changes have already occurred. We have previously shown that a defined site should consist of at least four oxygen atoms with at least one possessing a formal negative charge. [12] [13] [14] The ligand residues are typically oriented toward the central calcium ion. The distances between each two oxygen atoms involved in binding have an upper limit of 6.0 Å . Within the sphere formed by the central calcium ion and the oxygen atoms bound to it, no other atoms intervene. 14 These criteria, however, do not necessarily pertain to the apoprotein, since, in the absence of calcium, this spherical form may be distorted. For example, repulsion between oxygen atoms, unshielded by the calcium charge, may result in conformational change of the binding pocket due to side chain rotation, backbone movement, or a combination of the two. Such movements may place oxygen atoms more distant than 14 Å (e.g., as seen with Scytalone dehydratesinhibitor complex, 4STD.pdb), and distort their orientation toward a central point. Thus, the readily recognized oxygen geometry in holo CaBPs is often obscured in the apo state, rendering the recognition of Ca 2þ -binding pockets problematic.
Of the many approaches to prediction, 14- 
Analysis of training dataset
An analysis of the training dataset was conducted to establish structural parameters applicable to apo structures. These parameters were the oxygen-oxygen (O-O) cutoff distance and v angles of side chain rotation.
The distribution of O-O distances for ligand oxygen atoms in Ca 2þ -binding pockets from the training set (Fig. 2) 29 Previously published data 27, 30 suggest that only a small portion ($5%) of binding pockets exhibit significant rotation in more than one side chain in cases where the backbone is not rearranged on calcium binding. It is also expected that the side chain dihedral angles of ligand residues in holo structures are close to the rotamer dihedral angles described in a rotamer library. Analyses of side chain dihedral angles of ligand residues Asp and Glu in the training dataset are presented in Figure 3 (A,B). The distributions of v1 of Asp and v1 and v2 of Glu are concentrated at angles that correlate precisely with rotamer library conformations. With regard to v2 of Asp (and v3 of Glu), two values were initially calculated, one for OD1 (OE1) and one for OD2 (OE2), as the two atoms are viewed identically in MUG SR . The one that is closest to the rotamer library is retained. As shown in Figure 3 (A,B), values for both v2 of Asp and v3 of Glu correlate well with those in the rotamer library. The analysis of Asn, Gln, Ser, Tyr, and Thr does not suggest a statistically significant discrepancy between observed v angles and those recorded in the rotamer library.
Test results on X-ray dataset
A hit from MUG SR constitutes a group of oxygen atoms and their corresponding residues. The ''correctness'' of these hits can be scored by how many residues in the ''hit'' identify residues that truly participate in calcium binding, based on comparison of the apo structure with the corresponding bound holo structure. Results of the analysis of the X-ray test dataset, summarized in Figure 4 , are broken down according to multiple criteria based on whether one, two or three residues of a predicted group are true Ca 2þ -binding ligands.
When MUG SR was applied to the 26 apo structures in the X-ray test set, using the criterion that at least three residues in the predicted group must be in the true ligand group, we observed that, among the 49 sites documented as actual Ca 2þ -binding sites formed by four oxygen atoms from proteins, 38 included three or more residues, which had been predicted as a ligand group. Thus, sensitivity [Eq.
(1)] was calculated to be 78% and selectivity [Eq. (2) and defining a ''correct hit'' according to the aforementioned criteria of three, two or one residues, the results improved as expected (Fig. 4) . For a group containing three (two, one) documented ligand residue(s), sensitivity is 96% (100%, 100%) and the selectivity is 32% (45%, 54%). The improvements observed for sensitivity and selectivity suggest that Ca 2þ -binding geometry is more recognizable in the Ca 2þ -loaded form. It is interesting to note that the number of hits that invoke side chain rotations is similar when comparing the holo (378) and apo structures (370), although the number of total hits is significantly different in holo (911) and apo (795) structures. This may be attributed to minimal changes in side chain packing in regions of the protein outside the binding site.
Prediction results from our analysis are consistent with studies showing that Asp and Glu, typically observed within loops and to lesser extent within helices, are more likely to change side chain positions between apo and holo structures than other amino acid side chains. 31 In Table I , correct predictions (applying the two-residue criterion, i.e., that predictions contain at least two true residues) that require side chain rotations were analyzed. The results clearly indicate that Asp and Glu are the two types of residues rotated most frequently to coordinate calcium ions. Finally, many calcium binding sites, such as the pseudo EF-hand sites in S100's, utilize several carbonyl oxygen ligands, with only one or two side chain ligands. To evaluate how MUG SR would perform on those sites, we identified four apo S100 protein structures from the PDB for analysis: 1K8U (S100A6), 1K9P (S100A6), 1KSO (S100A3), and 2RGI (S100A2). Using chain A of the above structures for prediction, MUG SR identified all of the four pseudo EF-hand binding pockets when a two-residue criterion was applied (Supporting Information Table  S5 ), with 38 correct hits out of 70 total hits.
Prediction based on NMR structures
One obstacle to the prediction of Ca 2þ -binding pockets in NMR solution structures is the imprecision of coordinates associated with oxygen atoms due to the intrinsic zero nuclear spin of isotopically-abundant 16 O atoms which cannot be directly observed via NMR. To explore the effect of this imprecision on predictability, MUG SR was tested on a dataset reported in the literature 32 of six Ca 2þ -loaded proteins whose structures have been determined by NMR. It should be noted that these were all EFhand proteins, whose binding sites can also be identified by sequence analysis. Although the NMR solution contained calcium, two of the six structures were calculated without using constraint distances related to the calcium ion. As these proteins were deposited in the PDB with multiple conformations (i.e., models), predictions were made first by using each model separately, and then by combining the outcome from the model of least energy (Model 1) 33 and the model containing the most predictions. Results are presented in Table II . All 16 binding pockets were predicted if we consider a hit to be correct when it contains at least two, true ligand residues. The number of total hits is 239 of which 208 are correct. Thus, both the sensitivity (100%) and selectivity (87%) are high. Further inspections reveal that, if we take the predictions only from the first model (the energy-minimal model), the first and third sites of troponin C (1TNW.pdb) and the first site of calbindin D9K (2BCB.pdb) were not predicted. These two protein structures, interestingly, are the two calculated without using Ca 2þ -related between Models 1 and 10 (the model resulting in the most hits) are 7.69 and 1.11 Å , respectively. By aligning just the loop of the second Ca 2þ -binding site, the C-terminal domain is well-aligned whereas the other domain is flipped [ Fig. 1(B) ]. Model 10 encodes the Ca 2þ -binding pocket with the side chain of N108 oriented toward the center of the binding loop whereas Model 1 does not. The multiple models obtained from NMR structure calculations, representing multiple possible protein conformations in solution, do provide useful, complementary structural information that the model of least energy could not fully cover. This observation is consistent with a comparative study 34 of X-ray versus NMR structures.
Discussion

Calcium-binding and rotamers
We observed that Ca 2þ -binding pockets in apo structures are sometimes only partially organized, usually with some of the ligand residues prepositioned, whereas one or two other side chain ligand atoms are displaced at a distance. By rotating these more distant side chains, the Ca 2þ -binding pocket can be brought into appropriate geometry, and thus rendered identifiable. The apo structure of lyase (1X1H.pdb) has a partially organized Ca 2þ -binding pocket consisting of three oxygen atoms from side chains of D516, D517, and E677 [ Fig. 1(C) ]. In contrast, in the holo state (1J0M.pdb) D515 is re-oriented toward the center of the Ca 2þ -binding pocket.
It seems likely that in the apo state, the rotation of D515-oxygen away from the pocket is necessary to alleviate negative charge repulsion caused by the proximity of oxygen atoms. MUG SR rotated the v1 and v2 angles of D515 in the apo state. Since in the holo state, v1 (52.9 ) and v2 (À32.6 ) are close to the values in the rotamer library (62. 4 and À55.8 ), the Ca 2þ -binding pocket, as reconstructed by side chain rotation, was more closely congruent with the pocket in the holo structure, and was identified by MUG SR .
There are cases where a particular side chain of the binding pocket in the holo state does not conform to the predefined rotamers of MUG SR . This prevents the rotation procedure from accurately reconstructing the holo geometry. Nevertheless, the partially organized pocket can still be identified. For example in Figure 1 (C), E367 of FBPase/IMPase undergoes both backbone and side chain movement between the apo (1LBV.pdb) and holo (1LBX.pdb) structures. Although the holo conformation of E367 was not reproduced from its apo conformation, MUG SR successfully identified the remaining ligand residues of the binding pocket-D382, D385, and D500.
Toward predicting the set of ligand residues
Existing prediction approaches may be classified into two general categories based on the types of input data they take: sequence or structural information. Pure sequence-based approaches, although only requiring the more abundant sequence information, 1FPW  20  190  D73, D75, N77, F79, E84  D73, N77, F79, E84  D109, N111, D113, Y115, E120  D109, N111, D113, Y115, E120  D157, N159, D161, Y163, E168  D157, N159, D161, Y163, E168  Calmodulin  2BBM  1  148  D20, D22, D24, T26, E31  D20, D24, T26, E31  D56, D58, N60, T62, E67  D56, D58, N60, T62, E67  D93, D95, N97, Y99, E104  D93, D95, N97, Y99, E104  N129, D131, D133, D135, E140  N129, D131, D133, E140  Parvalbumin  2PAS  9  109  D51, D53, S55, F57, E62  D51, D53, F57, E62  D90, D92, D94, K96, are more frequently reported to be able to predict conserved Ca 2þ -binding sites, while the prediction of noncontinuous sites remains challenging. [35] [36] [37] [38] Prediction approaches based on structural information typically either identify the location of the calcium ion or classify a residue as ligand or nonligand. The accurate in silico prediction of a Ca 2þ -binding pocket, that is, the location of the ion and the associated binding ligands, has yet to be achieved. Using holo structures, some approaches are able to re-identify the calcium location near to the reported position within a solved structure, 15, 16, 18 whereas others directly identify the Ca 2þ -binding pocket with reasonable accuracy. From a structural perspective, the fully formed binding site is easier to identify in holo structures where the ligand atoms form a recognizable cluster. Yamashita et al. 15 were able to identify the position of a metal ion in the structure by embedding the whole protein into a three-dimensional grid and then measuring quantitatively the hydrophobicity contrast at each grid point, where grids with calculated high values were near the reported ion position. Nayal and Di Cera 16 applied a similar grid approach but utilized a valence function for scoring where the points of the highest valences were usually near to a documented calcium ion. Schymkowitz et al. 18 reported the capability of predicting the precise location of the calcium ion with high-coordination numbers based on a combined approach using geometrical search and Fold-X empirical force field. Our previous study 14 exploited the strong correlation of Ca 2þ -binding sites with oxygen clusters containing exactly four atoms and lying within a sphere of specified radius. In this approach, clusters of four oxygen atoms that are geometrically qualified were identified as the ligand atoms. In a more recent study, we further exploited the properties of oxygen clusters involved in calcium binding and were able to successfully identify the set of ligand residues in 75% of the test cases. 19 To date, prediction efforts based on apo structures have not been able to accurately identify the set of ligand residues comprising a binding pocket, due mainly to the complex reconfigurations which occur as a consequence of metal binding. The blind docking algorithms typically perform better with the binding of medium to large molecules. 39 Metal-binding sites in metalloproteins pose a more serious challenge for the would-be predictor. by comparison with the FEATURE and LIGSITE CSC algorithms using the same apo structures as in our X-ray test set. FEATURE is one of the most successful machine learning programs for function recognition, including the ''function'' of calcium binding. It is not straightforward to directly compare prediction results between FEATURE and MUG SR , as a prediction (hit) from FEATURE is a three-dimensional coordinate set representing the predicted calcium site, rather than a group of residues as returned by MUG SR . To compare results, we translate the predicted location for a FEATURE ''hit'' into a group of residues by identifying residues within a 4 Å radius from the predicted calcium site (see Refs. 25 and 44 for selection of this cutoff value). A hit from FEA-TURE is correct if, after translation, it contains a specified number of true ligand residues. Sensitivity and selectivity are thus calculated in the same way described in Eqs. (1) and (2). all three criteria presented in Table III, MUG  SR is shown to have higher sensitivity when selectivity is fixed and higher selectivity when sensitivity is fixed. Arguably, these results should be interpreted cautiously, as other methods may be applied to translate calcium location into ligand residues. For example, when selectivity reaches 43% for both MUG SR and FEATURE, sensitivity is 90% for MUG SR and 71%
for FEATURE (Table III , criterion 2, i.e., a correct prediction contains at least two true ligand residues). In addition, to achieve high sensitivity, FEA-TURE produced thousands of predictions compared with hundreds for MUG SR .
Comparison was also made with LIGSITE CSC which applies a geometry-based approach to identify a single point to represent the predicted pocket and then identifies ligand residues based on a 5 Å proximity to the predicted site. 24, 25 Unlike MUG SR but similar to FEATURE, a hit from LIGSITE CSC is a point representing a binding pocket (not specifically targeting calcium binding, but a ''general'' binding pocket). LIGSITE CSC differs from FEATURE in that it further probes a given radius surrounding the predicted ''point'' to obtain potential ligand residues. Consequently, sensitivity and selectivity are defined in Eqs. (1) and (2) . From Table III 
Methods
Algorithm description
For prediction from an apoprotein structure, MUG SR executes three major subroutines (Fig. 5) . In S1 (subroutine 1), oxygen clusters are first identified. These are groups of oxygen atoms proximal to each other in the three-dimensional structure so as to be treated as a potential ligand group. In S2 (subroutine 2), for each oxygen cluster, a point CC (calcium center) is identified as the tentative calcium position by a grid algorithm. Filters consisting of various restrictions are sequentially applied to the structure of a (cluster, CC) pair. If a cluster passes all filters, the cluster is a considered a ''predicted ligand group'' and CC is the ''predicted calcium position'' within the group; otherwise, MUG SR modifies the cluster by calling subroutine S3. S3 removes from the cluster the oxygen atom most distant from CC and recursively calls S2 until either a ''pass'' (i.e., the structure is qualified for calcium binding) is obtained, or the number of oxygen atoms remaining in the cluster is less than four. If (cluster, CC) passes all the filters, the subroutine outputs the results and exits; otherwise, it torsionally rotates the side chains of all residues in the cluster in turn (maximally two residues at a time), generating different local conformations of the oxygen cluster. Each generated potential conformation is then passed back to S2. 19 To obtain the aforementioned maximal clique, a graph G(V, E) is constructed, where V is the set of all vertices and E is the set of all edges of G. Each vertex represents an oxygen atom. An edge is assigned between two vertices if the distance between these two vertices is within a preset O-O cutoff (7.5 Å ). A clique Q is a subset of V such that every two vertices in Q are adjacent. A maximal clique M is a clique that is not a proper subset of any other clique. 45 The size of a maximal clique is the number of vertices it contains. MUG SR identifies the CC within each oxygen cluster by finding the point that accrues the least penalty according to a penalty function detailed in our previous work, 19 so that the CC is located to optimize the structure of the (cluster, CC) pair to those observed in holo structures.
Filters. Filters are used to inspect each tentative (cluster, CC) pair. Two sets of filters, chemical-filters, and geometrical-filters, 19 are currently applied in MUG SR . Chemical-filters examine the formal charge of each cluster. Geometrical-filters examine: the distances between the CC and oxygen atoms; the distances between the CC and the carbon atoms connected to the ligand oxygen atoms; the ratio of the above two distances; the angle among the CC, oxygen atom and carbon atom connected to the oxygen atom; and the dihedral angles between the plane formed by the side chain carboxyl group (ACOO) and the plane formed by the two carboxyl oxygen atoms (bidentate pair) and CC.
Side chain rotation. If a tentative cluster does not pass the filters, MUG SR rotates the side chain of each residue contributing atoms to that cluster for all conformations in a back bone independent rotamer library, 26 in which each side chain torsion angle has typically three dominant values. If a single chain rotation does not satisfy the geometrical filters, the process is repeated with two side chains at a time. The exact number of rotations tried is dependent on the residue type. Although rotation of more than two side chains is possible, the performance improvement by doing this is not significant according to the training dataset, and the corresponding computational time increases. The rotated structure should be free of interatomic clashing in that the distance between atom A and atom B should not be less than r A þ r B where r A and r B are the van der Waals radii of atom A and B, respectively.
Measurements: Sensitivity and selectivity
Given a protein apo structure, a hit from MUG SR is a group of oxygen atoms (and their corresponding residues) that are expected to be able to bind calcium. We assess validity of a hit by referring back to the corresponding holo structure. A correct hit contains at least two, true ligand residues (alternatively, we also discuss the use of criteria requiring that one or three true residues be contained). A Implementation and rendering tools
The MUG SR program was developed in C and C þþ programming language and was run in parallel on URSA-an IBM system p5 575 with Power5þ processors. PyMOL software 46 was used for molecular visualization.
